To investigate the hole transport across amorphous/crystalline silicon heterojunctions, solar cells with varying band offsets were fabricated using amorphous silicon 
efficiency, 2 mainly due to the very low defect density at the SHJ. However parasitic absorption in the amorphous silicon (a-Si:H) front contact and passivation layers is restraining their efficiency. 3 The total current density lost in 5 nm p-type a-Si:H is about 1.2 mA/cm 2 and about 0.6 mA/cm 2 are lost by absorption in 5 nm intrinsic a-Si:H. 3 Therefore the replacement of the front hole contact and the passivation layer with high band gap and low absorption a-Si:H alloys like amorphous, or microcrystalline silicon oxide (a-SiO x :H) 4-7 , or silicon carbide 8 is an ongoing research topic.
This letter focuses on the hole transport across the SHJ between a-Si:H, or a-SiO x :H and crystalline silicon (c-Si). This interface serves as a model system for the application of high band gap layers, for reduction of parasitic absorption in SHJ solar cells. 1 A sketch of the band line-up at the SHJ between a p-type a-Si:H hole contact, an intrinsic a-SiO x :H passivation layer and an n-type c-Si absorber is shown in Fig. 1 . Holes generated in the (n)c-Si are directed towards the p/n-junction, where they have to overcome the valence band offset (∆E V ) to enter the (i)a-SiO x :H and the (p)a-Si:H layer. Values for ∆E V at the SHJ were reported to be about 200 to 450 meV [9] [10] [11] and are no obstacle to carrier transport, although the exact carrier mechanism is still subject of discussion.
12-14
Two possible transport paths exist. First, the holes can overcome the band offset barrier by thermionic emission. Secondly, they can tunnel into the a-Si:H passivation layer 12 at all. Recently we determined ∆E V at this interface for the full stoichiometry range. 19 This letter aims at combining band line-up measurements with device and passivation results to gain insight about the carrier transport across this junction.
To this end, (p)a-Si:H/(i)a-SiO x :H/(n)c-Si/(i,n)a-Si:H solar cells were processed and characterized, as follows:
The substrates for solar cell preparation are 280 µm thick, polished phosphorous doped floatzone grown c-Si wafers with (111) surface orientation and a resistivity of 3 Ωcm. Wafers were cleaned using the RCA process and dipped in diluted hydrofloric acid (1 %, 2 min) before layer deposition. A-Si:H and a-SiO x :H layers were deposited using plasma-enhanced chemical vapor deposition. Intrinsic a-SiO x :H was prepared using 60 MHz excitation, a process pressure of 0.5 mbar, a substrate temperature of 175
• C, an electrode distance of 2 cm, a plasma power density of 56 mW/cm 2 , and a total gas flow of 15 sccm. The gas flow consisted of 5 sccm hydrogen, and a total of 10 sccm silane and CO 2 . The a-Si:H layers were deposited using 10 sccm of silane and no CO 2 . For the a-SiO x :H layers, the CO 2 flow was raised in 1 sccm steps up to a value of 5 sccm, and the silane flow was decreased accordingly.
For solar cell fabrication wafers were coated with 4 nm intrinsic a-Si:H and 8 nm n-type a-Si:H on the backside and 5 nm intrinsic a-SiO x :H and 8 nm p-type a-Si:H on the front side.
The solar cells were then completed by ITO sputtering and metalization with Ti/Ag stacks.
The full solar cell process is discussed elsewhere.
20
Photoconductance decay and illumination dependent open circuit voltage (so-called SunsV OC ) measurements 21 were carried out in between various process steps.
∆E V of the a-SiO x :H/c-Si-SHJs were determined using photoelectron spectroscopy in the constant-final-state-yield mode 22 and a procedure described elswhere. 10, 11 The measurement of oxygen content and ∆E V in these layers was discussed in an earlier publication.
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Numerical device simulation with AFORS-HET 23 was used to discuss the experimental data.
The a-SiO x :H layers were simulated using a model for a-Si:H with an electron affinity of 3.724 eV and a defect density consisting of two Gaussian defect densities of about 10 14 cm
and band tails at the valence and conduction band. The band gap of the pure a-Si:H was assumed to be 1.68 eV. For a-SiO x :H, it was increased to mirror the measured increase in valence band offset, holding the conduction band position constant. The Urbach energy (E U ) of the valence band tail was adjusted according to measured values 19 and the E U of the conduction band tail was set to two thirds of the valence band E U . hydrogen density 9 at the interface. Since the temperature of the (p)a-Si:H deposition is too low to affect the Si bonding structure, 27 the decrease in D it is likely due to an increase of the hydrogen density at the SHJ. It is conceivable that the additional hydrogen is provided by the plasma process during the (p)a-Si:H deposition.
The current-voltage (j(U)) curves of solar cells fabricated with these layer stacks are depicted in Fig. 3a . An increase of ∆E V at the hole contact leads to the development of sshaped j(U) curves. This behavior was predicted on the basis of numerical simulations, 4, 12, 13 but no systematic experimental evidence has been presented so far. The V OC of the solar cells decreases slowly for increasing ∆E V . Increasing the oxygen fraction in a-SiO x :H layers increases the layer porosity and the density of Dihydrides and hydrogen filled voids. 18 Furthermore hydrogen in Dihydride configuration and in voids is more mobile, than Monohydrides, and is driven out of the layer during ITO sputtering.
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This could explain why layers with higher oxygen contents degrade stronger during follow up processes than layers with lower oxygen contents and show decreased minority carrier lifetimes after ITO sputtering. it can be concluded that the increasing ∆E V creates a transport barrier. Furthermore, the overestimation of the FF degradation with increasing ∆E V in the numerical simulation gives further insight into the carrier transport mechanisms. Only thermionic emission is employed to simulate the transport across the SHJ. The assumption of thermionic emission as the main transport mechanism in SHJ solar cells is commonly used in simulation studies.
4,35-37
However, the results depicted in Fig. 3 imply that another transport path becomes prevalent once ∆E V is increasing well above the thermal energy of carriers at 300 K. Indeed, there are a few simulation studies which ascribe a significant importance to tunneling through the interface 12,14 or tunnel hopping in valence band tail states 13, 38 in the a-Si:H layers.
Comparing the results of these studies and our simulations to the experimental data in 
